Rapid neutron capture in supernova explosions by Tsuruta, S. et al.
L 
Rapid Neutron Capture i n  Supernova Explosions 
I 
(. J . W .  Truran* and W.D. Arnett** 
--Institute for Space S tudies  
. Goddard Sp-se-@Li.gI&--€ent.e+- NASA 
New York, N . Y . 2  
_A. 
I /  
S .  Tsuruta  
Smithsonian Astrophysical  Observatory 
Cambridge, Mass. 
and 
A.G.W. Cameron / 
Belfer  Graduate School of Science 
Yeshiva Univers i ty  
New York, N.Y. 
and 
I n s t i t u t e  f o r  Space S tudies  
Goddard Space F l i g h t  Center ,  NASA 
New York, N.Y. 
44 44 
Lu 
0 
K n 
- 
1 
0 
I - L H - 
E 
m 
I 
Abstract  d 
The impl ica t ions  of recent  s tud ie s  of t he  dynamics of t h e  cores  c 
of h igh ly  evolved massive s t a r s  are considered with regard t o  t h e  
gene ra l  problems of nucleosynthesis .  
f o r  t h e s e  models a r e  shown t o  be very promising f o r  t h e  process  of 
element syn thes i s  by neutron capture on a f a s t  time s c a l e  ( t h e  r- 
process  o f  Burbidge - e t  -' a 1  1957). 
The t y p i c a l  condi t ions est imated 
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I. In t roduc t ion  
S tudies  of t h e  thermonuclear r e a c t i o n  mechanisms be l ieved  t o  be 
respons ib le  f o r  t h e  product ion of t he  heavy elements (A > 40) have 
gene ra l ly  been r e s t r i c t e d  by t h e  l a c k  of a r e a l i s t i c  model of t h e  
s t e l l a r  environment. 
capture  processes  have involved a t tempts  t o  f i t  t h e  observed abundance 
Inves t iga t ions  of both t h e  slaw and r a p i d  neutron 
p a t t e r n s  with var ious  choices f o r  t h e  a v a i l a b l e  neutron flux (Seeger 
- e t  -' a 1  1965). Considerations of t h e  formation of n u c l e i  i n  t h e  i r o n  
peak reg ion  have gene ra l ly  been concerned w i t h  t h e  dev ia t ions  of t he  
observed abundances &om an  equi l ibr ium conf igu ra t ion  (Burbidge, 
Burbidge, Fowler and Hoyle, 1957) o r  wi th  t h e  nuc lear  t ransformat ions  
which t a k e  p lace  under smewhat a r b i t r a r i l y  s p e c i f i e d  temperature  and 
dens i ty  condi t ions (Truran - e t -' a 1  1966). While such s t u d i e s  have 
e s t ab l i shed  t h e  r o l e  of t h e s e  processes  i n  t h e  syn thes i s  of t h e  heavy 
elements,  they have not provided a complete p i c t u r e  of t h e  sequence of 
t hese  processes  wi th in  t h e  gene ra l  framework of s t e l l a r  evo lu t ion  and 
nucleosynthesis .  
U 
* Recent s t u d i e s  of t h e  dynamics of t h e  cores  of highly-evolvedmassive s t a r , ;  
(Arne t t ,  1966 and 1967a; - Colgate and White, 1966) have revealed t h a t  f o r  cores  
of mass Mc 4 4 %, a considerable  f r a c t i o n  of t h e  core mass  w i l l  be e j e c t e d .  
This mass e j e c t i o n  may be i d e n t i f i e d  wi th  supernova explos ions .  A t  
t h e  extreme temperature and dens i ty  cond i t ions  r e a l i z e d  i n  t h e  core t h e  
mat te r  i s  composed predominantly Of neu t rons .  A s  t h e  e j e c t e d  mat te r  
expands and cools ,  t hese  neutrons may be converted t o  pro tons ,  helium 
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and heavier  elements.  Preliminary e s t ima tes  i n d i c a t e  t h a t  element 
syn thes i s  may t ake  p l ace  r e a d i l y  under t h e s e  cond i t ions .  
we w i l l  consider  t h e  implicat ions of t h i s  model w i t h  regard t o  t h e  
problem of t h e  s y n t h e s i s  of t h e  heavy elements by r a p i d  neutron cap tu re .  
The p o s s i b l e  product ion of heavy elements i n  t h e  supernova envelope i s  
a l s o  discussed.  The formation of i r o n  peak elements i n  t h e  supernova 
envelope has been considered i n  another paper (Truran e t  a l ,  1967). 
I n  t h i s  paper 
The o u t l i n e  of t h i s  paper i s  as fol lows.  I n  Sec t ion  I1 we review 
i n  d e t a i l  t h e  supernova model on which our c a l c u l a t i o n s  are based. I n  
Sect ion I11 t h e  nuclear  r e a c t i o n  network employed i n  these  c a l c u l a t i o n s  
i s  defined and a b r i e f  discussion of t h e  r e l e v a n t  nuclear  physics  i s  
presented.  The r e s u l t s  of our s t u d i e s  of t h e  e x t e n t  of heavy element 
production a r e  p re sen ted  i n  Section I V .  I n  Sec t ion  V t h e  abundance 
configurat ions p r e d i c t e d  i n  equi l ibr ium for our temperature and dens i ty  
condi t ions a r e  p re sen ted .  The t h r e e  processes  of element syn thes i s  
which a r e  bel ieved t o  be responsible f o r  t he  production of t h e  heavy 
elements a r e  def ined i n  Sect ion V I .  I n  Sec t ion  V I I I ,  t h e  imp l i ca t ions  
of t h e  supernova condi t ions f o r  the process  of element syn thes i s  by r ap id  
neutron capture  a r e  considered i n  d e t a i l .  A b r i e f  discussion of o t h e r  
p o s s i b l e  neutron capture  processes i s  given i n  S e c t i m  V I I I .  
11. Supernov a Model 
The pa ths  i n  t h e  density-temperature plane of two r ep resen ta t ive  
mass zones of t he  2 P$ supernova core model of Arnet t  (1967a; see a l s o  
Arne t t  and Cameron, 196'1) a r e  shown i n  Figure 1. I n  t h i s  paper we w i l l  
be concerned wi th  t h e  innermost e j e c t e d  l aye r s  of t he  co re ,  a s  represented  
by the  mass zone a t  0.9743 %. The i n i t i a l  model evolves  a long t h e  
ad iaba t  AB because hydrodynamic compression has become r a p i d  compared t o  
neu t r ino  energy lo s s .  
zone i s  extremely r ap id  from B t o  C .  Inadequate sampling of t h e  ca l cu la -  
t i o n  (once per thousand time c y c l e s )  makes our knowledge of t h e  d e t a i l s  
of t h e  pa th  unce r t a in  he re .  
t h e  thermal  wave due t o  energy-transport  ing  neu t r inos  . Afte r  hea t ing  , 
t h e  i n f a l l  of t h e  m a t e r i a l  is reversed and it begins  t o  expand from 
D t o  E.  A t  E it again encounters t he  n e u t r i n o  emission s u r f a c e .  The 
nonadiabat ic  evolu t ion  along El? is  i n  t h e  thin-approximation reg ion  f o r  
neu t r ino  t r a n s p o r t .  The hea t ing  processes  exceed cool ing because the  
core is expanding and t h e r e f o r e  decreasing i t s  " o p t i c a l "  depth f o r  
neut r inos  ( an t ineu t r inos  ); t h i s  r e s u l t s  i n  more r ap id  energy t r z n s f e r  
from t h e  core. Along FG t h e  cool ing i s  almost a d i a b a t i c  because t h e  
neu t r ino  flux i s  a t t enua ted  by s p h e r i c a l  geometry and the  evolu t ion  i s  
t o o  f a s t  f o r  t he  usua l  p a i r  a n n i h i l a t i o n  neu t r ino  loss r a t e  t o  be 
important (although it i s  included i n  t h e  c a l c u l a t i o n ) .  
l i b r ium f o r  s t rong  i n t e r a c t i o n s  t ransforming He t o  nucleons begins t o  
favor  He again.  
The evolu t ion  of t h e  0.9743 % i n t e r i o r  mass 
Evolving from C t o  D t h i s  m a t e r i a l  encounters 
A t  G t h e  equi -  
4 
4 
In  t h e  c a l c u l a t i o n  shown i n  Figure 1, t h e  r a t i o  of neutron and 
proton number d e n s i t i e s  was of order  u n i t y ,  so  t h a t  evo lu t ion  proceeded 
along GH. This was an ove r s impl i f i ca t ion  of t h e  time-dependent equat ion 
of s t a t e .  
only i f  the  dens i ty  was more than 10 
Electron capture  was assumed t o  occur only on n u c l e i ,  and 
11 gm.cm.-3. While t h i s  assumption 
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does no t  a f f e c t  t h e  behavior of t he  m a t e r i a l  which forms t h e  nuclear-  
d e n s i t y  c e n t r a l  region,  and has l i t t l e  e f f e c t  on t h e  q u a l i t a t i v e  hydro- 
dynamic behavior of t h e  e j e c t e d  mass, a more accu ra t e  e s t ima te  of t h e  
neutron t o  proton r a t i o  i s  des i r ab le  f o r  a d i scuss ion  of t h e  implicat ions 
of t h i s  model f o r  element syn thes i s .  
I n  a subsequent considerat ion of t h i s  problem (Arnet t  and Cameron , 
1.960 it was found t h a t  t h e  weak i n t e r a c t i o n s  should f r e e z e  out i n  t h e  
e a r l y  s t ages  of expansion of t h e  e j e c t e d  m a t e r i a l  a t  a temperature of 
approximately 20 b i l l i o n  degrees and a dens i ty  of 7x10 9 g m . ~ m . - ~ :  t h e  
neutron t o  proton r a t i o  r e a l i z e d  i n  t h i s  f r e e z i n g  process  was approxi- 
mately 8. 
f r e e z i n g  d e n s i t y .  For t h i s  neutron t o  proton r a t i o  only a f r a c t i o n  of 
t h e  mass w i l l  be converted t o  helium; energy considerat ions suggest t h a t  
t h e  evolut ionary pa th  shown i n  Figure 1 w i l l  be amended i n  the manner 
ind ica t ed  by t h e  dashed l i n e .  
This r a t i o  was not found t o  be a s e n s i t i v e  func t ion  of t h e  
The temperature-dens i t y  h i s t o r y  of the s t e l l a r  m a t e r i a l  employed i n  
our considerat ions of nucleosynthesis i n  t h i s  paper  a r e  those obtained 
i n  t h e  manner described above. While these  r e s u l t s  a r e  t h e  best  es t imates  
a v a i l a b l e  t o  date ,  it should be emphasized t h a t  a proper coupling of 
t h e  hydrodynamic equat ions,  t h e  t r a n s p o r t  equat ions f o r  weak i n t e r a c t i o n s  
and compositional changes has  not  y e t  been accomplished, and t h a t  
r o t a t i o n a l  e f f e c t s  have not been included ( see  Colgate,  1967 and Arnet t  , 
196%). Under t h e s e  circumstances it seems most prudent t o  conslder 
t h a t  a range of ad iaba t s  may be involved e i t h e r  i n  a s i n g l e  supernova 
or among a group of supernovae. 
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The temperature-density p r o f i l e s  employed i n  our c a l c u l a t i o n s  a r e  
shown i n  Figure 2 .  The i n i t i a l  temperature we consider i s  10 K, a t  
which p o i n t  t h e  weak i n t e r a c t i o n s  have f rozen  out and t h e  formation of 
helium from neutrons and protons w i l l  proceed r a p i d l y .  The d e n s i t y  
curve shown here i s  t h a t  which has been co r rec t ed  f o r  t h e  neutron r i c h  
behavior;  t h i s  i s  t h e  low ad iaba t .  For t h e  h igh  a d i a b a t ,  t h e  d e n s i t y  i s  
reduced by a f a c t o r  of 10. The decrease i n  temperature and dens i ty  with 
time r e s u l t s  from t h e  expansion and cool ing of t h e  e j e c t e d  m a t e r i a l .  
10 0 
We a r e  i n t e r e s t e d  i n  t h e  subsequent thermonuclear evo lu t ion  of t h e  
matter  e j ec t ed  on these  supernova models. For t h e  temperature and 
d e n s i t i e s  of i n t e r e s t  he re ,  t h e  time s c a l e  f o r  t h e  conversion of neutrons 
and protons t o  He is  considerably l e s s  t han  t h e  hydrodynamic t i m e  s c a l e .  
The c r i t i c a l  cons ide ra t ion  i s  whether t h e  buil-dup toward heav ie r  n u c l e i  
w i l l  continue, providing seed n u c l e i  f o r  t h e  process  of neutron cap tu re  
on a f a s t  time s c a l e .  
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111. Nuclear Reaction Network and Reaction Rates 
It was shown i n  a previous paper (Arne t t  and Cameron 1967) t h a t  
s u b s t a n t i a l  amounts of I 2 C  a r e  b u i l t  up i n  equ i l ib r ium with neutrons,  
protons,  and a l p h a - p a r t i c l e s  during the  expansion of neutron-r ich m a t e r i a l  
along t h e  adiabats  discussed above. We wish t o  determine whether a t r u e  
nuclear  s t a t i s t i c a l  equi l ibr ium w i l l  be approached and maintained during 
t h e  expansion. The nuclear  r e a c t i o n  pathways along which t h e  tipproach 
t o  equilibrium w i l l  t a k e  p l a c e  presumably l i e  i n  t h e  r eg ion  of very 
neutron-rich heavy n u c l e i .  The approach t o  nuc lea r  s t a t i s t i c a l  equ i l ib r ium 
has s o  f a r  been inves t iga t ed  only f o r  pathways which l i e  c lose  t o  t h e  
ord inary  v a l l e y  of be t a  s t a b i l i t y  (Truran,  Cameron, and Gi lbe r t  1966). 
We do not f e e l  t h a t  t h e  techniques used t o  determine the  appropr ia te  
nuclear  r e a c t i o n  c ros s  sec t ions  (Truran, Hansen, Cameron, and Gi lbe r t  
1966) w i l l  g ive r e l i a b l e  p red ic t ions  f o r  very neut ron- r ich  n u c l e i ,  and 
hence ex tens ive  c a l c u l a t i o n s  have not been made with such n u c l e i .  
In s t ead ,  we have adopted t h e  po in t  of view t h a t  if nuc lear  s t a t i s t i c a l  
equi l ibr ium can be approached by any s e t  of r e a c t i o n  pathways during 
t h e  expansion along t h e  ad iaba t ,  then  it should c e r t a i n l y  be a t t a i n e d  by 
the  f a s t e s t  pathway. We have been conserva t ive  i n  t h a t  we have requi red  
t h a t  charged-par t ic le  add i t ion  r eac t ions  must involve a l p h a - p a r t i c l e  
capture  a t  l e a s t  up t o  nuclear  charge numbers equiva len t  t o  those  encountered 
i n  nuc lear  s t a t i s t i c a l  equi l ibr ium. We have chosen a s p e c i f i c  pathway 
l y i n g  c lose  t o  t h e  ord inary  va l l ey  of be t a  s t a b i l i t y  so t h a t  t he  r e a c t i o n  
r a t e s  should be f a i r l y  r e l i a b l e .  
Accordingly, we have def ined a simple nuclear  r e a c t i o n  network 
provid ing  s u i t a b l e  nuclear  r eac t ion  l i n k s  connecting neut rons ,  protons 
and a l p h a - p a r t i c l e s  t o  86Kr. This network i s  i l l u s t r a t e d  i n  Figure 3.  
I n  t h e  l i g h t  element reg ion  we have included the  more important r eac t ions  
l i n k i n g  neutrons,  protons and aLpha-part ic les ,  a s  i nd ica t ed  i n  t h e  f i g u r e .  
The r a t e s  employed f o r  t hese  r eac t ions  were taken from Wagoner, Fowler 
and Hoyle (1967). 
For t h e  heavy elements,  we have considered only a lpha -pa r t i c l e  and 
neut ron  capture  r e a c t i o n s .  Where experimental  da te  i s  a v a i l a b l e ,  these  
r a t e s  a re  determined a s  sums over ind iv idua l  resonance con t r ibu t ions ;  
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gtherwise,  they a r e  ca l cu la t ed  t h e o r e t i c a l l y  from average nuc lear  
p r o p e r t i e s  (Truran - e t -9 a 1  1966a). S p e c i f i c a l l y ,  experimental  determi-  
na t ions  of t he  r e a c t i o n  r a t e s  were employed f o r  t h e  t r i p l e - a l p h a  r e a c t i o n  
and f o r  t h e  alpha-capture  r e a c t i o n s  on 1 2 C ,  l 6 O ,  20Ne, and 24Mg 
(Truran -- e t  a l , 1966a,b; Reeves 1965; Fowler -- e t  a 1  1967). 
Shaw and Clayton (1967) have considered t h e  enhancement of r a d i a t i v e  
t r a n s i t i o n  r a t e s  by i n e l a s t i c  s c a t t e r i n g  with e l e c t r o n s  and ions  i n  
s t e l l a r  mat te r .  They have poin ted  out t h a t  t h e s e  e f f e c t s  may be important 
under non-equilibrium condi t ions  i n  fus ion  r e a c t i o n s  i n  t h e  cores  of 
supernovae. I n  our c a l c u l a t i o n s ,  both carbon and t h e  heavy elements 
remain i n  equi l ibr ium with r e spec t  t o  neutrons and a l p h a - p a r t i c l e s  down 
t o  a temperature of approximately f i v e  b i l l i o n  degrees .  A t  t h i s  tempera- 
t u r e ,  t h e  dens i ty  for t h e  low adiaba t  considered i n  our c a l c u l a t i o n s  i s  
8 . 7 5 ~ 1 0  g ~ n . c m . - ~  and c l e a r l y  those  e f f e c t s  a r e  not  important .  I n  
genera l ,  t h i s  process w i l l  become important i n  mass zones cha rac t e r i zed  
both by considerably h igher  d e n s i t i e s  and by s h o r t e r  expansion time 
s c a l e s .  
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The r e l axa t ion  of t h i s  nuc lear  r e a c t i o n  network i s  governed by the  
equat ions f o r  t he  r a t e s  of change of the  abundances of t h e  var ious  
nuclear  spec ies .  The non- l inear  equat ions f o r  t he  changes i n  t h e  number 
d e n s i t i e s  of t he  var ious c o n s t i t u e n t s  have been expressed i n  a backward 
d i f f e rence  form and solved by matr ix  inve r s ion .  
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I V .  Production of Seed Nuclei  
We have considered t h e  nuclear t ransmutat ions which w i l l  t a k e  p l ace  
for a range of temperature and dens i ty  cond i t ions .  
p l o t t e d  t h e  mass f r a c t i o n s  of t h e  more important nuclear  c o n s t i t u e n t s  
as a func t ion  of time for t h e  high dens i ty  p r o f i l e .  
t o  proton r a t i o  i s  8. 
s t a g e s  t h a t  an equi l ibr ium has been r a p i d l y  e s t a b l i s h e d  among neutrons,  
p ro tons ,  a l p h a - p a r t i c l e s  and '*C. 
t h e  a lpha -pa r t i c l e  capture  p a s t  1 2 C  becomes more r a p i d ,  t h e  abundances 
of t h e  l i g h t  elements and 1 2 C  decreases while t h e  abundances of i n t e r -  
mediate n u c l e i  and u l t i m a t e l y  Kr a r e  r a p i d l y  inc reas ing .  A t  a 
temperature of appL-oximately 4 b i l l i o n  degrees (approximately 2x10 s e e .  ) 
t h e  r e a c t i o n s  involving t h e  heavy elements f r e e z e  out  i n  t h e  sense t h a t  
t h e  nuclear  r e a c t i o n  time s c a l e  becomes long compared t o  t h e  expansion 
t i m e  s c a l e .  
I n  Figure 4 a r e  
The i n i t i a l  neutron 
It is evident :From t h e  behavior i n  t h e  e a r l y  
A s  t h e  temperature decreases ,  and 
86 
-2 
The f i n a l  abundance of 86Kr i s  20% by mass. 
The r e s u l t s  of a s imilar  c a l c u l a t i o n  performed f o r  t h e  lower d e n s i t y  
12 p r o f i l e  a r e  shown i n  Figure 5 .  Here t h e  bui ld-up of C i s  somewhat 
impeded by t h e  lower d e n s i t y .  However, t h e  f i n a l  K.r abundance s t i l l  
approaches 1% by mass. 
86 
The e f f e c t s  of varying t h e  t o t a l  neutron t o  proton r a t i o  r e a l i z e d  
i n  f r e e z i n g  a r e  shown i n  Figure 6 .  
d e n s i t y  adiabat  i s  employed. Generally, t h e  protons w i l l  be converted 
completely t o  helium, hence a l a r g e r  f r a c t i o n  of t h e  mass can be 
converted t o  heavy elements.  The K r  abundance r e a l i z e d  i n  t h i s  calcu- 
Here t h e  r a t i o  N/P=3, and t h e  low 
86 
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l a t i o n  approaches 5% by mass. 
For both of t h e  dens i ty  p r o f i l e s  considered above, an appreciable  
f r a c t i o n  of t h e  mass was found t o  be processed t o  86K.r. 
i n t e r e s t  t o  determine more p r e c i s e l y  t h e  l i m i t i n g  condi t ions under which 
t h i s  buildup process  w i l l  t a k e  p l a c e .  I n  Figure 7 a r e  shown t h e  r e s u l t s  
of a s imi l a r  c a l c u l a t i o n  performed f o r  an order  of magnitude higher  
ad iaba t  : 
It i s  of 
3 3  
9 p = 7x10 T 
(This i s  a somewhat u n r e a l i s t i c  condi t ion w i t h  r ega rd  t o  t h e  supernova 
model discussed previously;  f u r t h e r ,  t h e  neutron t o  proton r a t i o  employed 
is  r a t h e r  high for t hese  cond i t ions . )  
produced i s  approximately f i v e  percent  by mass. 
most abundant nucleus,  as heavy element product ion i s  impeded by t h e  
l o w  d e n s i t i e s .  
The abundance of heavy elements 
Here 46Ca i s  t h e  
These r e s u l t s  suggest t h a t  t h e  breakthrough p a s t  12C t o  heavy 
elements can t a k e  p l ace  r e a d i l y  under t h e s e  cond i t ions .  It i s  c l e a r ,  
however, t h a t  our  simple l i n e a r  chain p a s t  carbon does not provide an 
accurate  r ep resen ta t ion  of t h e  flows through t h e  i r o n  peak and beyond. 
S p e c i f i c a l l y ,  f o r  t h e  high neutron concen t r a t ion  i n  our  c a l c u l a t i o n  t h e  
major flow might proceed f a r  i n t o  t h e  neutron r i c h  r eg ions .  
regard,  these c a l c u l a t i o n s  should give an upper l i m i t  both on t h e  time 
s c a l e  required and on t h e  r a t i o  of neutrons t o  s e d  n u c l e i  f o r  r a p i d  
neutron capture.  
I n  t h i s  
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V. Equilibrium Abundances 
The f i n a l  d i s t r i 3 u t i o n  of seed n u c l e i  f o r  t he  r ap id  neutron czpture  
process  may be est imated on t h e  assumption t h a t  t h e  nuc lear  r e a c t i o n s  
a r e  s u f f i c i e n t l y  r ap id  t h a t  a condi t ion of nuclear  s t a t i s t i c a l  equi l ibr ium 
i s  e s t a b l i s h e d  (Hoyle, 1946; Tsuruta and Cameron, 1965). 
of a nucleus of atomic number Z and mas number A i n  equi l ibr ium is  
given by 
The abundance 
where n, and n a re  the  number d e n s i t i e s  of f r e e  protons and neutrons 
and Q(A,Z)  and w(A,Z)  a r e  t h e  binding energy and p a r t i t i o n  func t ion ,  
r e s p e c t i v e l y ,  of t h e  nucleus ( A , Z ) .  
P n 
These equat ions a r e  supplemented, for our condi t ions ,  by t h e  equat ion 
for t he  conservat ion of m 8 s s  
and by an equat ion spec i fy ing  the  t o t a l  r a t i o  of neutrons t o  protons 
Here No i s  Avagadro's number, and t h e  sums a r e  taken over a l l  nuclear  
c o n s t i t u e n t s  inc luding  neutrons and pro tons .  If we spec i fy  t h e  tempera- 
t u r e ,  t h e  dens i ty  and t h e  to t aL  r a t i o  of neutrons t o  protons these  equat ions 
can be r e a d i l y  solved f o r  t h e  equi l ibr ium number d e n s i t i e s .  
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The equi l ibr ium abundances obtained for a temperature of 4 x 1 0 ~  OK, 
7 a dens i ty  of 4 . 4 8 ~ 1 0  
e i g h t  a r e  shown i n  Figure 8. 
t h e  low adiaba t  near  t h e  po in t  a t  which t h e  r e a c t i o n s  involving t h e  
heavy elements have f rozen  ou t .  The masses employed f o r  n u c l e i  i n  t h e  
neutron r i c h  reg ions  f a r  from t h e  v a l l e y  of b e t a  s t a b i l i t y  a r e  those  
p red ic t ed  by t h e  exponent ia l  mass formula of Cameron and E lk in  (1965). 
g m . ~ m . - ~  and a t o t a l  neutron t o  pro ton  r a t i o  of 
These condi t ions  a r e  those  p red ic t ed  by  
The peak nucleus i n  equi l ibr ium under these  condi t ions  i s  7 8 N i ,  
having 28 protons and 50 neutrons.  
nucleus,  possessing "magic" numbers of both protons and neutrons,  i s  
except iona l ly  s t a b l e .  However, a t  s l i g h t l y  lower temperatures  the  peak 
s h i f t s  from 781!?i t o  
i s  evident  i n  Figure 9, where the  equi l ibr ium abundance d i s t r i b u t i o n  
for  t h e  same adiaba t  a t  a temperature 3X109 OK i s  shown. 
abundance peak under t h e s e  condi t ions  i s  thus  seen  t o  be one neutron 
closed s h e l l  removed from t h e  v a l l e y  of b e t a  s t a b i l i t y .  
It is  understandable  t h a t  t h i s  
120 Sr (38 protons and 82 n e u t r o n s ) .  This behavior 
The major 
The equi l ibr ium abundances f o r  t h e  h igh  ad iaba t  a t  t he  same f r e e z i n g  
temperature a r e  s h a m  i n  Figure 10. The t o t a l  r a t i o  of neutrons t o  
protons i s  again taken t o  be 8.  A t  t h e  f a c t o r  of t e n  lower dens i ty  
considered here ,  t h e  abundance peak remains i n  the  v i c i n i t y  of 7 8 N i  f o r  
a temperature of 3 ~ 1 . 0 ~  OK. 
neutron s h e l l  occurs f o r  T - &lo9 OK, w e l l  below the  temperatures  f o r  
which any appreciable  bui ldup of heavy elements by charged p a r t i c l e  
r eac t ions  can take  p l ace .  
The s h i f t i n g  of t h e  peak t o  t h e  N = 82 
l l a  
The temperature dependences of t h e  abundances of neutrons,  protons 
and alpha p a r t i c l e s  a r e  shown i n  Figure 11. 
of n u c l e i  w i th  Z > 2 (denoted by 
s o l i d  l i n e s  correspond t o  t h e  high d e n s i t y  a d i a b a t i c  cool ing curve and 
The t o t a l  number dens i ty  
n(A,Z)) i s  a l s o  included.  The 
z>2 
t he  dashed l i n e s  t o  t h e  low dens i ty  case.  The peak n u c l e i  under 
d i f f e r e n t  temperature-density condi t ions are ind ica t ed  by t h e i r  r e s p e c t i v e  
mass numbers and charge numbers (A, ,Z ) .  
P P  
The gene ra l  t r ends  evident i n  t h e s e  equi l ibr ium s t u d i e s  may be 
summarized as fol lows.  A decrease i n  temperature,  f o r  t h e  same a d i a b a t i c  
d e n s i t y  dependence, r e s u l t s  i n  a s h i f t i n g  of t h e  abundance peak toward 
more neutron r i c h  nuc le i .  The presence of increased abundances of 
neutron r i c h  n u c l e i  i n  equi l ibr ium i s  also favored by higher  d e n s i t i e s .  
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V I .  Mechanisms f o r  Heavy Element Production 
There a r e  t h r e e  d i s t i n c t  processes  of nucleosynthesis  which a r e  
thought t o  be responsible  f o r  t h e  production of t h e  heavy elements 
(Burbidge e t  a l ,  195'i; Cameron, 195'7): neutron capture  on slow and f a s t  
time s c a l e s  and t h e  process  r e spons ib l e  f o r  t h e  product ion of t h e  by-  
passed nuc le i .  
processes  a re  shown i n  Figure 12 (Cameron, 196r(). 
The abundance t r e n d s  of even mass numbers f o r  t h e s e  
Neutron capture on a slow time s c a l e  ( t h e  s -p rocess )  i s  cha rac t e r i zed  
by neutron capture l i f e t i m e s  which a r e  long compared t o  t y p i c a l  be t a  
decay l i f e t i m e s  i n  t h e  v i c i n i t y  of t h e  v a l l e y  of b e t a  s t a b i l i t y ;  t h e  path 
of t h i s  process t h e r e f o r e  proceeds along t h e  v a l l e y  of be t a  s t a b i l i t y ,  
t h e  abundance d i s t r i b u t i o n  peaking a t  t h e  neutron closed s h e l l  p o s i t i o n s  
where t h e  neutron capture c ros s  s e c t i o n s  decrease.  These a r e  evident  
i n  Figure 12 near mass number A = 90, 138 and 208. 
If the  neutron capture  l i f e t i m e s  a r e  s h o r t  compared t o  t h e  appropri-  
a t e  be t a  decay l i f e t i m e s ,  t h e  neutron capture  pa th  w i l l  Lie f a r  out on 
t h e  neutron r i c h  s i d e  of t h e  v a l l e y  of be t a  s t a b i l i t y .  Such a s i t u a t i o n  
might be r e a l i z e d  i n  t h e  presence of an extreme neutron f l u x ;  t h e  tempera- 
t u r e  must be s u f f i c i e n t l y  low t h a t  p rog res s  a long t h e  neutron capture  
chains i s  not impeded by p h o t o d i s i n t e g r a t i o n s .  Following t h e  exhaustion 
of the neutron f l u x ,  t h e  capture  products  approach t h e  v a l l e y  of b e t a  
s t a b i l i t y  by a s e r i e s  of beta  decays. Th i s  sequence corresponds t o  
neutron capture on a f a s t  time s c a l e  ( t h e  r - p r o c e s s ) .  
The abundance f e a t u r e s  near mass numbers A -  130 and 195 a r e  
gene ra l ly  a t t r i b u t e d  t o  t h i s  r ap id  neutron capture  process  (Seeger - e t  - 2  a 1  
1965 ) - 
The bypassed nuc le i  a r e  n u c l e i  on t h e  neutron d e f i c i e n t  s i d e  of t h e  
v a l l e y  of be ta  s t a b i l i t y  which cannot be produced by any neutron capture  
process .  I n  p r i n c i p l e ,  t hese  can r e s u l t  from neutron pho tod i s in t eg ra t ion  
processes  or proton capture  processes  ( t h e  p-process)  proceeding 
t h e  products  of e a r l i e r  neutron capture  s y n t h e s i s .  The apparent  
constancy of t he  r a t i o  of t h e  abundance l e v e l  of bypassed n u c l e i  t o  
t ha t  f o r  t h e  neutron capture  products ,  ev ident  i n  Figure 12 ,  i s  cons i s t en t  
w i th  t h i s  p i c t u r e .  
on 
I n  t h e  subsequent d i scuss ion  we w i l l  be concerned p r imar i ly  with 
t h e  condi t ions  under which the  production of heavy elements by r a p i d  
neutron capture  can t ake  p l ace .  
VII. Rapid Neutron Capture 
We a r e  now prepared t o  consider  t h e  impl ica t ions  of t he  supernova 
shock condi t ions  with regard  t o  t h e  problem of element syn thes i s  by 
r a p i d  neutron capture .  
i n  t he  v i c i n i t y  of t h e  i r o n  peak and beyond can t ake  p lace  i n  t h e  e a r l y  
s t ages  of expansion of t h e  e j ec t ed  m a t e r i a l  v i a  charged-par t ic le  and 
neutron capture  r e a c t i o n s .  The charged p a r t i c l e  r e a c t i o n  r a t e s  decrease 
r a p i d l y  with temperature and a s t a b l e  abundance conf igura t ion  is  r e a l i z e d  
a t  a temperature i n  the  v i c i n i t y  of 4x10~ OK. 
has been d i s t o r t e d  severe ly  by the l imi t ed  nuclear  r e a c t i o n  network we 
We have found t h a t  t h e  product ion of elements 
This abundance p a t t e r n  
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employed; the abundances p red ic t ed  i n  equi l ibr ium for t h e  "freezing" 
condi t ions should provide a more r e a l i s t i c  e s t ima te  of those r e a l i z e d  
i n  t h e  expanding m a t e r i a l .  
While t h e  charged-part ic le  r e a c t i o n s  a r e  no longer c o n t r i b u t i n g  t o  
the  buildup of heavy elements below 4 x 1 0 ~  OK, and progress  toward elements 
of higher  Z i s  impeded, neutron capture  buildup under t h e s e  condi t ions 
should be l imi t ed  only by neutron pho tod i s in t eg ra t ion  r e a c t i o n s .  The 
equi l ibr ium c a l c u l a t i o n  displayed i n  Figure 10 p r e d i c t s  a neutron number 
dens i ty  of 1.88~10 
approximately 200. A s  t h e  temperature i s  f u r t h e r  decreased, t h e  neutron 
pho tod i s in t eg ra t ion  r a t e s  w i l l  decrease,  allowing successive neutron 
captures  t o  proceed toward nuc le i  which a r e  inc reas ing ly  be t a -uns t ab le .  
30 ~ m . - ~  and a r a t i o  of neutrons t o  heavy n u c l e i  of 
Seeger -- e t  a 1  (1965) have pointed out t h a t  i f  t h e  abundance peaks 
a t  A = 130 and 195 a r e  t o  be understood i n  terms of nuclear  s h e l l  
s t r u c t u r e ,  an environment cha rac t e r i zed  by  a high temperature and neutron 
number dens i ty  (T - 10 K,  nn - i s  r e q u i r e d .  Thcse 
condi t ions a r e  necessary,  on t h e i r  model, f o r  t h e  establ ishment  of a 
thermal equi l ibr ium between t h e  isotopes of any element, neutrons and 
photons on a time s c a l e  which i s  s h o r t  compared t o  t y p i c a l  beta-decay 
l i f e t i m e s .  It i s  c l e a r ,  however, t h a t  t h e s e  condi t ions a r e  extremely 
s e n s i t i v e  t o  mass formula p red ic t ions  of t h e  neutron binding ene rg ie s  
and beta-decay energies  of t h e  neutron r i c h  i so topes  formed i n  1,11r 
r ap id  neutron capture p rocess .  
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We f e e l  t h a t  t he  r a p i d  neutron cap tu re  buildup w i l l  be terminated 
e i t h e r  by the exhaustion of t h e  neutron f l u x  or  by t h e  expansion of the 
medium t o  extremely low d e n s i t i e s .  I n  order  t o  determine which of t h e s e  
i s  t h e  l i m i t i n g  considerat ion,  and t o  c a l c u l a t e  t h e  f i n a l  abundances 
r e s u l t i n g  from t h i s  neutron capture process ,  t h e  subsequent h i s t o r y  of 
t h e  medium must be followed i n  d e t a i l .  This w i l l  involve coupling t h e  
hydrodynamic equations w i t h  t h e  equations governing t h e  nuclear  t r a n s -  
formations.  
involved i n  t h e  formulation of t h i s  problem. 
Two of us (W.D. Arnett  and J.W. Truran) a r e  c u r r e n t l y  
Taken a t  f a c e  value,  t h e  condi t ions we have considered he re  lead 
t o  t h e  formation of a l a r g e  amount of heavy elements.  It a l s o  seems 
l i k e l y  t h a t  many of t h e  elements p re sen t  i n  na tu re  i n  t h e  s i l i c o n  t o  
i r o n  r eg ion  have been made i n  supernova explosions (Truran - e t -3 a 1  1967). 
The products of t h e  r a p i d  neutron capture  process  have an observed abundance 
r e l a t i v e  t o  t h e  s i l i c o n  t o  i r o n  region i n  t h e  range 
i s  c l e a r ,  t h e r e f o r e ,  t h a t  of a l l  t h e  mass processed i n  supernova 
explosions only a small  p a r t  can be processed i n  t h e  manner ou t l ined  
i n  t h i s  paper .  The t r ends  i n  cu r ren t  supernova models a r e  c o n s i s t e n t  
w i th  t h i s  conclusion. 
t o  lom6. It 
V I I I .  Other Neutron Capture Processes 
There a r e  s e v e r a l  f e a t u r e s  of t h e  observed abundance d i s t r i b u t i o n  
of t h e  heavy elements which a r e  d i f f i c u l t  t o  account. f o r  on t h e  b a s i s  of 
t h e  r a p i d  neutron capture  process ou t l ined  above; s p e c i f i c a l l y  t h e  
abundance peak i n  t h e  v i c i n i t y  of mass number A -  1.03 and t h a t  i n  t h e  
r a r e  e a r t h  region ( s e e  Figure 12 ) .  
from t h e  exposure of a region containing a few percent  by mass of 
t h e  products of slow neutron capture t o  a somewhat smaller 
We be l i eve  these  may have r e s u l t e d  
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neutron flux. This condi t ion may be r e a l i z e d  i n  t h e  supernova envelope 
i n  t h e  v i c i n i t y  of t h e  helium burning s h e l l  source,  during t h e  passage 
of t h e  shock wave (Truran - e t  -, a 1  1967). 
r e l e a s e d  i n  (CY,n) r e a c t i o n s  proceeding on 25Mg, 26Mg and 29Si r e s u l t e d  
i n  a neutron number d e n s i t y  exceeding 
s c a l e  of the  order of seconds. I n  t h i s  case t h e  maximum shock 
temperature must l i e  c lose  t o  3x109 OK, s u f f i c i e n t  t o  produce r a p i d  
(01,n) r eac t ions  but not s u f f i c i e n t  t o  des t roy  t h e  heavy n u c l e i  by 
pho tod i s in t eg ra t ion .  Detai led c a l c u l a t i o n s  of t h e  bui ldup of t h e  
anomalous f a s t  capture peaks r e s u l t i n g  from neutron capture  on n u c l e i  
i n  t h e  preceding slow neutron capture  peaks near A = 90 and 140 have 
been found t o  be extremely s e n s i t i v e  t o  our es t ima tes  of t h e  neutron 
capture cross s e c t i o n s .  We a r e  c u r r e n t l y  undertaking a r eeva lua t ion  
of t h e s e  cross  s e c t i o n  c a l c u l a t i o n s .  Also,  t h e  neutron number dens i ty  
estimated f o r  t h i s  model i s  somewhat low. 
We have found t h a t  neutrons 
p a r t i c l e ~ / c m . ~  on a time 
Schwarzschild and H a r m  (1967) have r e c e n t l y  c a r r i e d  numerical 
ca l cu la t ions  through t h e  f i r s t  f o u r  m i l l i o n  years  of s h e l l  helium burning 
f o r  a Population I1 s t a r  of 1 . 2  s o l a r  masses. The thermal i n s t a b i l i t y  
a s soc ia t ed  with t h i s  s h e l l  burning phase r e s u l t s  i n  " r e l a x a t i o n  o s c i l l a -  
t ions ' '  i n  which t h e  main helium s h e l l  f l a s h  l eads  t o  t h e  formation of a 
convective zone proceeding outward from t h e  s h e l l .  When, a f t e r  nine 
such cycles ,  t h e  convective zone reaches t h e  hydrogen-rich l a y e r s  above, 
t h e  mixing of protons with t h e  products of helium burning can pro(-eed. 
Sanders (1960 has considered the  imp l i ca t ions  of t h i s  behavior 
with regard t o  s-process nucleosynthesis .  He f i n d s  t h a t  f o r  r e l a t i v e l y  
smal l  admixtures of protons i n t o  a carbon (oxygen) reg ion ,  t h e  major 
product w i l l  be 13C(170). 
proceeding on a somewhat longer  time s c a l e  may r e l e a s e  s u f f i c i e n t  neutrons 
t o  d r ive  t h e  slow neutron capture  p rocess .  
For both of t hese  cases  (U,n) r e a c t i o n s  
These condi t ions a r e  promising a s  w e l l  w i t h  regard t o  t h e  formation 
of t h e  anomalous abundance peaks discussed above. The mixing of protons 
i n t o  a carbon and oxygen region w i l l  r e s u l t  i n  t h e  production of l4N 
as  we l l  as  1 3 C  and 170; i n  f a c t ,  for l a r g e  proton admixtures t h e  A4N 
abundance w i l l  exceed those  of 13C and 170. 
apprec iab le  helium abundance, t h i s  14N may be destroyed by 
I n  t h e  -presence of an 
The subsequent passage of a shock wave through such a region may r e s u l t  
i n  t h e  product ion of a s u b s t a n t i a l  neutron flux by 
These neutrons would be produced i n  a reg ion  i n  which slow neutron 
capture  may previous ly  have taken p l a c e ,  p rovid ing  seed n u c l e i .  
c u r r e n t l y  undertaking a study of t h i s  p rocess .  
We a r e  
Acknowledgements 
This  work has been supported i n  p a r t  by t h e  U.S. Atomic Energy 
Commission, t h e  Nat ional  Aeronautics and Space Adminis t ra t ion,  and the  
Nat iona l  Science Foundation. Two of us (J.W.Truran and W . D .  Arne t t )  
have h e l d  Nat ' ,ma l  Academy of Sciences-National Research Council 
Postdoctoral  h?s iden t  Research Associateships;  we wish t o  thank 
Dr. Robert Jasirow f o r  the  h o s p i t a l i t y  of t he  Goddard I n s t i t u t e  for 
Space S tud ie s .  
h i s  a s s i s t ance  with t h e  c a l c u l a t i o n s .  
One of us ( S .  Tsuruta)  wishes t o  thank M r .  Takagi for 
Bibliography 
Arnet t ,  W.D. 1966. Can. J. Phys. k4, 2553. 
Arne t t ,  W . D .  1967a. Can. J .  Phys. -l, 1621. 
1 9 6 ~ .  On Supernova Hydrodynamics, p r e p r i n t .  
Arne t t ,  W . D .  and Cameron, A.G.W. 1967. Supernova Hydrodynamics and 
Nucleosynthesis,  Can. J .  Phys., i n  p r e s s .  
Burbidge, E.M., Burbidge, G . R . ,  Fowler, W.A. and Hoyle, F.  1957. 
Rev. Mod. Phys. 3, 547. 
Cameron, A.G.W. 1957. Chalk River Report CRL-41. 
Cameron, A.G.W. and Elk in ,  R.M. 1965. Can. J.  Phys.&, 1288. 
Cameron, A.G.W. 1967. A New Table of Abundances of t h e  Elements i n  
t h e  Solar System, p r e p r i n t .  
Colgate ,  S.A. 1967. Mass Ejec t ion  From Supernova, p r e p r i n t .  
Colgate,  S.A. and White, R . H .  1966. Astrophys. J .  3, 626. 
Fowler, W .A. , Caughlan, G .R . and Zimmerman, B . A .  1967. Thermonuclear 
Hansen, C . J .  1966. Thesis ,  Yale Univers i ty .  
Reaction Rates ,  p r e p r i n t .  
Hoyle, F.  1946. Monthly Notices Roy. Astron. SOC. &, 343. 
Reeves, H .  1965. S t e l l a r  Energy Sources,  Chap. 2 i n  S t a r s  and S t e l l a r  
Systems, e d i t e d  by L.H. A l l e r  and D.B .  McLaughlin (Universi ty  of 
Chicago P r e s s ) .  
Sanders ,  R . H .  1967. S-Process Nucleosynthesis i n  Thermal Relaxat ion 
Cycles, p r e p r i n t .  
Schwarzschild,  M. and Harm, R .  1967. Hydrogen Mixing by Helium S h e l l  
Flashes,  p r e p r i n t .  
Seeger ,  P.A., Fowler, W.A. and Clayton, D . C .  1965. Astrophys. J .  Suppl.  
X I ,  No. (JJ. 
20 
Shaw, P.B. and Clayton, D.D . 1967. Par t ic le - Induced  Electromagnetic 
De-exci ta t ion of Nuclei  i n  S t e l l a r  Mat te r ,  p r e p r i n t .  
Truran, J . W . ,  Hansen, C . J . ,  Cameron, A.G.W. and G i l b e r t ,  A .  1966a. 
Can. J .  Phys. 24, 1.51. 
Truran, J.W., Cameron, A.G.W. and G i l b e r t ,  A .  1966b. Can. J .  phys.  44, 
563 
Truran, J . W . ,  A m e t t ,  W . D .  and Cameron, A.G.W. 1967. Can, J .  Phys. &5, 
2315 - 
Tsuruta ,  S .  and Cameron, A.G.W. 
Wagoner, R . V . ,  Fowler, W.A. and Hoyle, F.  1967. Astrophys.  J . ,  i n  
1965. Can. J .  Phys. 4J, 2056. 
p r e s s .  
21 
Figure Captions 
Figure 1. Evolution i n  t h e  densi ty- temperature  p lane  of s e l e c t e d  
r e p r e s e n t a t i v e  mass zones expel led  by t h e  2 % model of t h e  core  
of a massive s t a r .  De ta i l s  of t h e  c a l c u l a t i o n  a r e  given i n  
Arne t t  (1967a). 
designated,  and e l ec t ron  degeneracy pressure  dominates below the  
l i n e  s o  des igna ted .  
Radiat ion pressure  dominates above t h e  l i n e  s o  
Figure 2 .  The temperature and dens i ty  p r o f i l e  employed i n  our network 
c a l c u l a t i o n s .  This dens i ty  curve corresponds t o  t h e  l o w  ad iaba t ;  
f o r  t he  high ad iaba t ,  t h e  dens i ty  i s  reduced by a f a c t o r  of t e n .  
Figure 3.  Schematic of t h e  nuclear  r e a c t i o n  network employed i n  t h e s e  
c a l c u l a t i o n s .  The r eac t ions  involving t h e  l i g h t  n u c l e i  a r e  
ind ica t ed .  
(n ,v )  and (Q',y) r e a c t i o n  links. 
Above 1 2 C ,  a l i n e a r  chain through '*Ni i s  def ined by 
Figure 4 .  The evolu t ion  of a region composed i n i t i a l l y  of neutrons and 
protons i n  t h e  r a t i o  N/P = 8 i s  shown f o r  t h e  low a d i a b a t i c  cool ing 
curve.  The mass f r a c t i o n s  of t h e  more abundant cons t i t uen t s  a r e  
p l o t t e d  a s  a func t ion  of time. 
F igure  5 .  The evolu t ion  of a region composed i n i t i a l l y  of neutrons and 
protons i n  t h e  r a t i o  N/P = 8 i s  shown f o r  t h e  high a d i a b a t i c  cool ing  
curve. The mass f r a c t i o n s  of t h e  more abundant cons t i t uen t s  a r e  
p l o t t e d  a s  a func t ion  of time. 
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Figure 6. The evo lu t ion  of a region composed i n i t i a l l y  of neutrons and 
protons i n  t h e  r a t i o  N/P = 3 i s  shown f o r  t h e  high a d i a b a t i c  cool ing 
curve. The mass  f r a c t i o n s  of t h e  more abundant c o n s t i t u e n t s  a r e  
p l o t t e d  a s  a func t ion  of t ime.  
Figure 7 .  The evolu t ion  of a reg ion  composed i n i t i a l l y  of neutrons and 
protons i n  the  r a t i o  N/P = 8 i s  shown f o r  t h e  h igh  a d i a b a t i c  cool ing 
' ' The mass f r a c t i o n s  of t h e  more abundant curve: p = 7x10 T 
cons t i t uen t s  a r e  p l o t t e d  a s  a func t ion  of t ime.  
9 .  
Figure 8. The equi l ibr ium abundances of n u c l e i  a t  t h e  f r e e z i n g  temperature 
(T = 4x10~ OK) a r e  shown a s  a func t ion  of mass number f o r  t h e  h igh  
dens i ty  a d i a b a t i c  cooling curve. 
Figure 9. The equi l ibr ium abundances of n u c l e i  a t  a temperature 
T = 3x10' OK for t h e  high dens i ty  a d i a b a t i c  cool ing curve a r e  shown 
a s  a func t ion  of mass number. 
Figure 10. The equi l ibr ium abundances of n u c l e i  a t  t h e  f r e e z i n g  temperature  
('I = 4x10' OK) a r e  shown a s  a func t ion  of mass number f o r  t h e  l o w  
dens i ty  a d i a b a t i c  cooling curve.  
Figure 11. The number d e n s i t i e s  of neut rons ,  p ro tons  and alpha p a r t i c l e s  
and t,he t o t a l  number dens i ty  of heavy elements ( A  > 4 )  a r e  p l o t t e d  
a s  a func t ion  of temperature f o r  t h e  two a d i a b a t s  considered.  
Figure 12.  Trends among heavy n u c l e i  of abundances a t t r i b u t a b l e  t o  neutron 
capture on f a s t  and S l o w  t ime s c a l e s  and t o  bypassed processes .  
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